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ABSTRACT: Superoxide is a precursor of many free radicals and reactive oxygen species (ROS) in biological 

systems. It has been shown that superoxide regulates major epigenetic processes of DNA methylation, histone 

methylation, and histone acetylation. We suggested that superoxide, being a radical anion and a strong 

nucleophile, could participate in DNA methylation and histone methylation and acetylation through 

mechanism of nucleophilic substitution and free radical abstraction. In nucleophilic reactions superoxide is 

able to neutralize positive charges of methyl donors S-adenosyl-L-methionine (SAM) and acetyl-coenzyme A 

(AcCoA) enhancing their nucleophilic capacity or to deprotonate cytosine. In the reversed free radical 

reactions of demethylation and deacetylation superoxide is formed catalytically by the (Tet) family of 

dioxygenates and converted into the iron form of hydroxyl radical with subsequent oxidation and final 

eradication of methyl substituents. Double role of superoxide in these epigenetic processes might be of 

importance for understanding of ROS effects under physiological and pathological conditions including 

cancer and aging. 
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Superoxide, an anion radical of dioxygen, is the 

precursor of paramagnetic reactive free radicals 

(hydroxyl radicals) and reactive diamagnetic molecules 

(hydrogen peroxide and peroxynitrite) in biological 

systems. At the same time, although superoxide by itself 

is not a reactive free radical, it is a very reactive 

nucleophilic agent (a super-nucleophile) [1, 2]. History 

of superoxide discovery is a really dramatic and 

fascinated one. In 1968, McCord and Fridovich proposed 

that superoxide existed in biological systems as a free 

diffusing species [3]. This stimulating hypothesis has 

been accepting by many authors who started to study 

enthusiastically the mechanisms of possible damaging 

effects of superoxide. 

Much earlier Haber and Weiss proposed that the 

hydroperoxyl radical (HOO
.
) can participate in the 

decomposition of hydrogen peroxide to form the reactive 

hydroxyl radicals [4]. Therefore, the participation of 

superoxide in a so called Haber-Weiss cycle has been 

proposed: 

             O2
.-  

+   H2O2   →   O2   +  HO
.  

+  HO
-
 

              HO
.   

+   H2O2  →   H2O  +  O2
.-  

+  H
+

 

 

However,  it  was  soon  established  that  these  

reactions  are  thermodynamically  impossible; therefore, 

it was suggested that the Haber-Weiss cycle might be 

catalyzed by iron ions. Correspondingly, this process 

was named “ the superoxide-dependent Fenton reaction” 

(by the name of a French chemist discovered “Fenton 

reagent” [5]): 

              O2
.-  

+  Fe(III)  →   O2   +  Fe(II) 

              Fe(II)  +  H2O2  →  Fe(III)  +  HO
.  

+ HO
-
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In vitro experiments confirmed a high efficiency 

of the superoxide-dependent Fenton reaction, but later 

on it was found that the in vitro experiments were 

erroneous because an effective artificial chelator EDTA 

was presented in reaction mixtures, which of course was 

absent in real biological systems. Thus, the in vivo 

transformation of superoxide into hydroxyl radicals 

seems to be very questionable. 

On the other hand, it has been found that 

superoxide is able to participate in the other important 

biological reactions, namely in the reactions of 

nucleophilic substitution. Numerous chemical studies 

demonstrated the ability of superoxide to take part  in 

the nucleophilic reactions of hydrolysis and 

esterification [1]. Correspondingly, in 1978 Niehaus 

proposed that superoxide might be involved in enzymatic 

nucleophilic reactions such as phosphorylation, 

acetylation, etc. [6]. I am certain that this proposal was 

a really important and promising idea (see, for example 

[7]). 

 

Mechanisms of superoxide signaling in epigenetic 

processes 

 

Nucleophilic Substitution Reactions of DNA 

Methylation, Histone Methylation, and Histone 

Acetylation 
 

It is possible that superoxide plays an important role in 

such epigenetic processes as DNA methylation 

(catalyzed by methyltransferases (DNMT)), histone 

methylation (catalyzed by lysine methyltransferases 

(PKMT)), and histone acetylation (catalyzed by histone 

acetyltransferases (HAT) in both physiological and 

pathological states including cancer and aging. It has 

been proposed that DNA and histone modifications are 

carried out by two major mechanisms: the reactions of 

nucleophilic addition of methyl and acetyl groups and the 

reactions of demethylation by free radical abstraction. 

These reversible, or more correctly, pseudo-reversible 

epigenetic  processes  of  DNA  and  histone  

modification  are  probably  the unique  examples  of 

chemical processes in which the forward and reversed 

reactions proceed by completely different mechanisms. 

Reactions of DNA methylation and histone acetylation 

go on by similar mechanisms with participation of the 

intermediates S-adenosyl-L-methionine (SAM) and Ac-

coenzyme A (AcCoA) [8-12]. It is usually believed that 

these reactions are nucleophilic substitution processes, 

although they do not exactly correspond to the original 

name given by ED Hughes and C Ingold (1935). By their 

definition, a nucleophilic reaction is the addition of the 

substituent to a carbon atom by the negatively charged 

reactant (nucleophile). However, the substitution of a 

hydrogen atom by the methyl group at the cytosine C-

5 position during DNA methylation does not correspond 

to the original definition of nucleophilic process because 

the methyl group is transferred from the positively (and 

not negatively) charged (-S-(+)) center of SAM (Figure 

1A). 

 

 

 
 

 
Figure 1. Mechanism of DNMT- catalyzed DNA methylation. 

A. SAM-dependent methylation of cytosine catalyzed by 

methyltransferases (DNMT). B. SAM-dependent methylation of 

lysine catalyzed by lysine methyltransferases (PKMT). C. 

AcCoA-dependent acetylation of lysine catalyzed by histone 

acetyltransferases (HAT). 

 

 

Similarly, the histone amino group (-NH3+) is 

also positively charged during the methylation and 

acetylation of histones (Figure 1B and 1C). 

It was proposed that in order to validate a 

nucleophilic mechanism of these reactions we needed to 

assume that the positive charges of reactants were 

neutralized by nearby nucleophiles. Thus, the interaction 

of cytosine C-6 carbon with the negatively charged 

cysteine-81 residue transforms the C-5 position into 

a partly negative one and makes possible nucleophilic 

substitution by the SAM methyl group. It was also 
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suggested that the C-6 atom of cytosine might be 

connected to cysteine-81 by a covalent or hydrogen 

bonds. Similarly, histone nucleophilic methylation 

becomes possible if (NH3+) group is attached 

(presumably by a hydrogen bond) to tyrosine-245 

residue.  

Histone acetylation is catalyzed by several HAT 

enzymes through the formation of a complex of histone, 

acetyl-CoA, and HAT. In this reaction, the amino group 

of lysine residue directly attacks the bound acetyl-CoA. 

However, nucleophilic reaction again becomes possible 

only after the deprotonation of amino group when 

glutamic acid-173 participates in acetylation as a 

general base (Figures 1A-C). 

These nucleophilic mechanisms are very elegant 

and supported by some experimental data, but there are 

questions, which are needed to be clarified. For example, 

a nature of the bond between a base and the histone 

protonated amino group or cytosine molecule remains 

unclear because the formation of a covalent bond 

seems to be unlikely. Furthermore, the approaching 

base must be negatively charged, but the pKa values of 

cysteine-81and tyrosine-245 are too high (about 10). 

Therefore, the dissociation of S-H and O-H bonds of 

cysteine and tyrosine (Figures 1A and 1B) is very 

doubtful. 

However, the alternative nucleophilic mechanism of 

epigenetic modifications might be devised.  There are 

numerous examples, which demonstrate superoxide 

participation in various biological processes under 

physiologic conditions and especially in pathologic 

states including cancer and aging.  A  main  difference  

between  physiologic  and  pathologic  states  is  that 

pathologies  are  mostly  characterized  by  superoxide  

overproduction.  Unfortunately, it is not always easy to 

distinguish the role of superoxide in epigenetic 

disturbances from the whole ROS effects. 

 

Free Radical and Redox Mechanisms of DNA and 

Histone Demethylation 

 

Previously it has been believed that the demethylation 

reactions of DNA and histones are impossible due to the 

strong covalent bonds between the methyl substituents 

and substrate molecules. However, in 2009 Tahiliani et 

al. showed that 5-methylcytosine can be oxidized to 5- 

hydroxymethylcytosine in the reaction catalyzed by 

enzyme TET1 [13]. Later on, it has been proposed that 

these catalytic processes are responsible for the 

demethylation and deacetylation of the DNA and histone 

molecules.  These processes are carried out by free 

radical or redox mechanisms, which are fully different 

from the nucleophilic reactions of methylation and 

acetylation. DNA demethylation is catalyzed by the  

ten-eleven translocations (TET) family of dioxygenases 

through the sequential oxidation of methyl group into 

hydroxymethyl and carboxyl groups. This reaction takes 

place in the presence of Fe(II) ions, 2-oxoglutarate (2-

OG) and dioxygen. Such a mechanism has been already 

proposed for iron dioxygenase-catalyzed reactions, for 

example for non-heme Fe(II)- and α-ketoglutarate-

dependent dioxygenase TauD [14]. The Fe(IV)=O 

structure of one of intermediates was confirmed by 

Raman spectra. The two Fe(III) and Fe(II) complexes 

were also identified. Schematically this mechanism is 

presented in Figure 2. 

 

 
 
Figure 2. Free Radical Mechanism of DNA demethylation. 

A.  Ensymatic complex. B. Superoxide-bound complex. C. The 

addition of methylcytosine. D. The formation of free radical. E. 

The formation of hydroxymethylcytosine. 
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A very important stage of the hydroxylation of 

methyl group in these reactions is the activation of the 

enzymatic ferrous complex by 2-oxyglutarate with 

subsequent oxidation of ferrous complex to ferric 

superoxide. This stage is followed by the formation of 

the reactive Fe(IV)=O species capable of reacting with 

t h e  methyl group. Recently, similar mechanism has 

been also proposed for hydroxylation by cytochrome 450 

[15]. 

It is seen from Figure 2 that hydroxylation proceeds 

through the free radical abstraction of a hydrogen atom 

from the methyl group. It is possible if the intermediate 

complex Fe(IV)=O is a sufficiently active species able to 

abstract the hydrogen atom (suggesting that Fe(IV)=O 

can be regarded as the iron derivative of hydroxyl 

radical): 

      Fe(IV)=O   +   CH3R     Fe(III)OH  +  
.
CH2R 

 

The last stage of this process might be considered 

as the disproportionation of two free radicals: 

Fe(III)OH ↔ [Fe(II)(
.
OH)] + 

.
CH2R  Fe(II) + HOCH2R 

 

Enhanced superoxide formation in pathologic states 

 

It has been shown that superoxide signaling is an 

important characteristic of epigenetic processes under 

physiologic conditions, but it is of a more importance for 

many pathologic disorders which as a rule are 

characterized by ROS overproduction. From this point of 

view, cancer and aging are principal examples of 

pathologies, which are strongly depend on superoxide 

overproduction. Below we will consider ROS 

overproduction in cancer, aging, and other diseases 

including cardiovascular diseases and diabetes mellitus. 

 

Cancer 

 

Cancer cells are characterized by enhanced level of 

superoxide and other reactive oxygen species (ROS) 

[16]. This is typical for prostate cells [17-25], pancreatic 

cancer cells [26-33], melanoma cells [34-35], breast 

cancer cells [36-39], and other cancer cells [40-50]. It is 

important that the elevated ROS formation in cancer cells 

can have both surviving and hindering effects. Thus, 

superoxide produced by NADPH oxidase in prostate 

cancer cells increased cellular immortality through the 

resistance to programmed cell death [17]. Kumar et 
al. also found that the enhanced superoxide levels 

produced by NADPH oxidase in prostate cancer cells 

associated with the malignant phenotype of prostate 
cancer [18]. It has been proposed that the expression 

of NADPH oxidase (Nox1) stimulated superoxide 

production and signal transduction in cellular 

proliferation of prostate cancer cells [25]. It was 

concluded that the Nox1 protein overexpression was an 

early event in the development of prostate cancer and 

that tumors had significantly higher Nox1 levels than 

benign prostate tissue. Therefore, Nox1 overexpression 

might be as a reversible signal for the proliferation of 

cancer cells. 

Vaquero et al. suggested that pancreatic cancer 

was so aggressive and unresponsive to the treatment 

due to its resistance to apoptosis [26]. They concluded 

that ROS were a pro- survival, anti-apoptotic factor for 

pancreatic cancer. Superoxide generated by NADPH 

oxidase (Nox4), probably, transfers a cell survival signal 

through the protein kinase B - apoptosis signal-

regulating kinase 1(ASK1) pathway in pancreatic 

cancer cells and suppresses the enzymatic pathway to 

apoptosis [30]. 

 

Aging and Senescence 
 

A lot of experimental studies demonstrate ROS 

overproduction in organismal aging and cellular 

senescence.  It was found that superoxide production 

was enhanced during lifetime of the rat [51,52]. Gene 

expression of renal xanthine oxidoreductase increased 

in aging [53]. Superoxide overproduction was 

demonstrated in the aged mouse aortic smooth muscle 

cells [54]. Chen et al. showed the age-related increase in 

mitochondrial superoxide production in the testosterone-

producing cells of Brown Norway rat testes [55]. 

Superoxide production by xanthine oxidase and NO 

synthase in mesenteric arteries from aged rats was higher 

than in young ones [56]. 

Endothelial oxidative stress increased in aged 

healthy men, as well as the expression of NADPH 

oxidase and NF-κB [57]. Lener et al. proposed that 

NADPH oxidase (Nox4) could be responsible for 

superoxide overproduction in cellular senescence. They 

showed a significant increase in replicative lifespan of 

human umbilical vein endothelial cells upon knockdown 

of Nox4 [58]. ROS enhanced levels might be 

responsible for the age-dependent endothelial 

dysfunction in human vessels [59]. 

Sasaki et al. demonstrated that the rate of 

superoxide production increased with age in mice, 

Wistar rats, and pigeons being inversely related to the 

maximum lifespan of animals [60]. The oxidative stress 

apparently increases in wealthy humans older than 60 

years [61]. Superoxide overproduction from mitochondria 

in mice led to premature aging [62]. Endothelial 
vasomotor function decreased in aged mice due to a 

decrease in extracellular superoxide dismutase (ecSOD) 
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[63].  

 
Cardiovascular diseases 

 

There are well identified sources (NADPH oxidases, 

xanthine oxidase, and mitochondria) of superoxide 

production in heart and cardiovascular system which are 

responsible for many diseases such as heart failure 

(congestive heart failure or CHF), left ventricular 

hypertrophy (LVH), coronary heart disease, cardiac 

arrhythmias, etc. Most probably, that superoxide 

overproduction might be a main reason of the 

transformation of normal physiological signaling 

processes into the damaging ones. Mechanisms of ROS 

overproduction have already been considered [64]. 

 

Diabetes mellitus 

It has been shown that hyperglycemic conditions of cells 

are associated with the enhanced superoxide levels 

mainly generated by mitochondria and NADPH oxidase. 

It is known that ROS stimulate many enzymatic 

cascades under normal physiological conditions, but 

hyperglycemia causes ROS overproduction and the 

deregulation of superoxide signaling pathways resulting 

in diabetes development [65]. 

 

Can superoxide and hydrogen peroxide influence 

differently survival and death of cells? 
 

Aforementioned data demonstrate the importance of 

superoxide signaling in many pathologic disorders such 

as cancer and aging [16], cardiovascular diseases [64], 

and diabetes mellitus [65]. However, two major ROS 

species superoxide and hydrogen peroxide can affect 

biological processes in different ways [66]. 

As both superoxide and hydrogen peroxide can  be  

formed simultaneously, it is not surprising that the 

functions of diamagnetic hydrogen peroxide might 

differ from the paramagnetic free radical superoxide.  

Below, there are some examples confirming the different 

effects of superoxide and hydrogen peroxide in cells. 

Superoxide but not hydrogen peroxide stimulated the 

phosphorylation of protein kinase C [67]. Superoxide 

increased the activity of mitogen-activated protein 

kinase (MAPK), while hydrogen peroxide did not 

influence the cultured rat aortic vascular smooth 

muscle cell (VSMC) growth and signal transduction 

[68]. Hydrogen peroxide and superoxide exhibited 

different effects on VSMC proliferation and apoptosis: 

superoxide induced proliferation and hydrogen 
peroxide stimulated apoptosis [69]. It was found that 

the T cell receptor (TCR) activated two distinct 

pathways of ROS signaling. Hydrogen peroxide 

formation in T cells preceded superoxide generation, 

suggesting that hydrogen peroxide was not formed by 

dismutation of superoxide. Correspondingly, it was 

confirmed that superoxide and hydrogen peroxide can 

participate in separate pathways:  hydrogen peroxide 

regulated phosphorylation catalyzed by extracellular 

signal-regulated kinase (ERK) (proliferative pathway), 

while superoxide mediated TCR-stimulated activation 

of the proapoptotic Fas ligand (FasL) promoter and 

subsequent cell death [70]. Superoxide stimulated 

apoptosis in human glioma cells while hydrogen 

peroxide had no effect [71]. 

It should be noted that the mechanisms of 

superoxide and hydrogen peroxide signaling are not 

fully understood.  For example, Pervaiz and coworkers 

suggested that hydrogen peroxide can stimulate drug-

induced apoptosis through the intracellular 

acidification of cancer cells [72-75].  Therefore, 

superoxide/hydrogen peroxide balance can be 

regulated between survival and apoptosis in cancer 

cells through intracellular acidification. However, 

competition between superoxide and hydrogen 

peroxide in cells might be more complicated. Thus, 

Madesh and Hajnoczky showed that superoxide 

induced rapid cytochrome c release in cells, while 

hydrogen peroxide failed to stimulate apoptosis [76].  

Therefore, superoxide and hydrogen peroxide can be 

mediators of both survival and death of cancer cells. 

 

Superoxide-dependent epigenetic processes under 

pathologic conditions 

 

As it has been shown above, superoxide can participate 

in many important epigenetic processes including DNA 

methylation/demethylation, histone methylation/ 

demethylation, and histone acetylation/deacetylation. 

Therefore, the disruption of superoxide balance might 

stimulate dangerous changes in these processes. As it 

has been discussed above, the effects of superoxide on 

epigenetic processes might be more prominent ones in 

pathologic states characterized by the enhanced levels of 

ROS such as cancer, aging, cardiovascular diseases, 

and diabetes mellitus. For example, insulin under 

hyperglycemic condition altered multiple histone 

modifications by enhanced ROS production inducing 

lysine 4 and lysine 9 methylation and the acetylation of 

histone H3 [77]. It has been also shown that an increase 

in ROS formation under hyperglycemic/ 

hyperinsulinemic conditions led to a decrease in the 

histone H3 acetylation, H3 Ser-10 phosphorylation, 

H3K4 methylation and to an increase in H3K9 

methylation in preadipocytes [78]. Cystic fibrosis (CF) 

airways, which are exposed to high levels of oxidative 

stress increased histone acetylation and inflammatory 



 I. Afanas’ev                                                                                                                   Superoxide in Epigenetics 
 

Aging and Disease • Volume 6, Number 3, June 2015                                                                               221 
 

gene transcription. Bartling and Drumm suggested that 

oxidative stress might be responsible for the alternation 

in HAT/HDAC balance [79]. 

ROS downregulate catalase through the methylation 

of its promoter during the development of hepatocellular 

carcinoma [80]. Transcription factor Oct-1 activated 

catalase by binding to the catalase promoter and the 

downregulation of its promoter by ROS-dependent CpG 

island methylation in hepatocellular carcinoma [81]. 

Increased superoxide production stimulated global DNA 

hypermethylation and increased DNMT1 expression 

inducing melanocyte malignant transformation [82]. 

Oxidative stress enhanced the urothelial cell 

carcinogenesis through the modulation of DNA 

methylation [83]. It was found that the increased 

oxidative stress, an important factor of neoplasia 

development, can induce DNA hypomethylation in 

prostate tissues [84]. 

ROS induced DNA methylation of E-cadherin 

promoter by the activation of histone deacetylase 1 and 

DNA methyltransferase1 in human hepatocellular 

carcinoma [85]. Superoxide overproduction apparently 

increased DNA methylation in melanoma cells [86]. 

Inactivation of tumor suppressor gene p16 probably 

played an important role in the progression from 

Barrett’s esophagus (BE) to esophageal adenocarcinoma 

(EA). It was found that hypermethylation of p16 gene 

promoter was an important mechanism of p16 
inactivation. It is possible that acid reflux presented in 

BE patients may activate NADPH oxidase NOX5-S and 

increase superoxide production, which in turn increased 

p16 promoter methylation and downregulated p16 

expression contributing to the progression from BE to 

EA [87]. 

Although majority of studies relating epigenetics 

and human pathologies are focused on cancer, DNA 

methylation and histone acetylation associated with the 

change of redox signaling was also observed in 

cardiovascular diseases, including atherosclerosis, 

congestive heart failure, and hypertension [8]. Thus, 

norepinephrine-induced Nox-dependent superoxide 

production resulted in an increase in PKC promoter 

methylation at Egr-1 and Sp-1 binding sites, leading to 

PKC gene repression and increased ischemic 

vulnerability in the heart [89,90]. 

Superoxide overproduction decreased the 

expression of Sod2 gene due to DNA hypermethylation 

of a single CpG dinucleotide close to the transcription 

site in adult rats with apneas [91]. After nickel exposure, 

the enhanced superoxide formation resulted in histone 

hypoacetylation in human leukemia cells [92]. 
Superoxide overproduction significantly increased the 

level of H4K12 histone acetylation in porcine oocytes 

during in vitro aging [93]. Ethanol-induced superoxide 

generation stimulated histone H3 acetylation in 

hepatocytes [94]. Glucose deprivation-induced oxidative 

stress caused histone deacetylation, the depletion of 

reduced glutathione (GSH), and the inhibition of HDAC 

activity [95]. ROS (hydrogen peroxide) silenced the 

tumor suppresser RUNX3 (runt domain transcription 

factor 3 promoter) through its hypermethylation [96]. 

Mitochondrial superoxide generation was an important 

factor of Kras-mediated tumorigenicity [97]. ROS 

induced hypomethylation of LINE-1 and 

hypermethylation of the RUNX3 promoter in a bladder 

cancer cell line [98]. Superoxide silenced the candidate 

tumor suppressor gene through ROS-induced 

methylation and may therefore be associated with the 

progression of colorectal cancer [99]. 

It is interesting that the effect of oxidative stress on 

epigenetic processes might depend on its magnitude. For 

example, it was found that the moderate superoxide 

formation during the SUMOylation of HIPK2 

(serine/threonine kinase) caused a constitutive 

association of HDAC3 and kept HIPK2 in the non-

acetylated state. However, elevated superoxide 

formation prevented the SUMOylation of HIPK2 and 

reduced its association with HDAC3, increasing the 

acetylation of HIPK2 [100]. 

It has been demonstrated above that superoxide 

levels increased with aging. Therefore, it is important to 

look at the effects of ROS in epigenetic processes in 

aging and senescence. Zhang et al. have studied the 

effects of hydrogen peroxide-stimulated premature 

senescence on genome methylation and DNA 

methyltransferases (DNMTs) in human embryonic lung 

fibroblasts [101]. It was found that the genome 

methylation level decreased gradually during the 

premature as well as replicative senescence, which was 

associated with the reduction in the expression of 

DNMT1 and global hypomethylation as a distinct feature 

of senescent cells. Cellular senescence induced by 

hydrogen peroxide was suppressed by an oncogenic X 

protein of hepatitis B virus (HBx) in human hepatoma 

cells [102]. It is possible that a decrease in DNA 

methylation is typical for aging development. For 

example, Gentilini et al [103]. observed the age-related 

decrease in global DNA methylation from peripheral 

leukocytes of 21 female centenarians. 

However, it should be noted that superoxide might 

show the opposite effects on aging and longevity. Thus, 

it has been shown that mitochondrial superoxide might 

exhibit beneficial effects on extended lifespan [104]. 

These authors suggested that such “hermetic” mtROS 

signal could enhance yeast chronological lifespan and 

regulate aging through epigenetic modulation o f  nuclear 

gene expression. 
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Figure 3.  Hypothetic mechanism of superoxide-dependent DNA methylation. A. Mechanism of superoxide participation in 

DNA methylation through the deprotonation of cytosine. B. Mechanism of superoxide participation in DNA methylation through 

the neutralization of the positive charge of S-adenosyl-L-methionine (SAM). 

 

 

Discussion  

 

It is well known that mitochondria and prooxidant 

enzymes (xanthine oxidase, NADPH oxidase, or NO 

oxidase) continuously produce superoxide in cells. 

Therefore, there are always the superoxide sources 

capable of participating in nucleophilic processes of 

DNA and histone methylation and histone acetylation. 

Superoxide can deprotonate the C-5 position of cytosine 

and accelerate the addition of methyl group (Figure 3A). 

On the other hand, superoxide might neutralize a positive 

charge on the sulfur atom of SAM (Figure 3B). One of 

these hypothetic reactions can explain the role of 

superoxide in DNA methylation. Participation of 

superoxide in DNA methylation and histone 

modification supports the nucleophilic mechanisms of 

these processes. 

Recent findings demonstrating the direct effects of 

superoxide on the innermost mechanisms of epigenetic 

processes are of utmost importance. As it was mentioned, 

it was earlier believed that DNA methylation is an 

irreversible reaction. However several authors are now 

received new experimental proofs of free radical 

mechanism of DNA demethylation by the stage 

oxidative mechanism of methyl group of 5-

methylcytosine (Figure 2). As it can be seen in Figure 2, 

DNA demethylation is carried out by a free radical 

mechanism catalyzed by the iron-dependent enzymes 

ten-eleven translocations (TET) family of 

dioxygenases. There are several stages, in which free 

radicals are formed: superoxide at Stage b and the free 

radical complex (Fe4+=O) at stage c. 

Recently Coulter et al. showed that superoxide 

generation by hydroquinone exposure caused DNA 

demethylation in EK293 cells through the activation of 

Ten Eleven Translocation 15-methylcytosine 

dioxygenase [105]. Similarly, redox-active quinones, the 

other superoxide producers  activated oxidative  

conversion  of  5mC  to  5hmC  by  the  TET  

dioxygenase- catalyzed  reaction  [106].  Another 

reducing agent ascorbate accelerates enzymatic 

reactions, which are catalyzed by Fe2+–2-oxoglutarate-

dependent family of dioxygenases [107]. However, in 

contrast to hydroquinone and quinones, which are the 

well-known producers of superoxide, ascorbate is 

apparently able to reduce ferric to ferrous ion. It has 

been found that ascorbate caused widespread specific 

DNA demethylation [108,109]. Correspondingly, it 
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was proposed that ascorbate accelerated the 

hydroxylation of 5-methylcytosine (5mC) into 5- 

hydroxymethylcytosine (5hmC) in DNA demethylation 

catalyzed by Tet (ten-eleven translocation) 

methylcytosine dioxygenase [110]. 

It is now possible to suggest that superoxide 

participates in epigenetic processes as the two- faced 

Janus – as a nucleophile in the reactions of 

nucleophilic substitution (DNA methylation and histone 

methylation and acetylation)  and as a precursor of the 

reactive free hydroxyl radical in the Fe(IV)=O form 

(DNA and histone demethylation). The role of 

superoxide in epigenetic nucleophilic processes has 

already been discussed [11,12], however its 

transformation into a precursor of reactive free radicals 

is a new development.  For a long time it was established 

that superoxide can reduce ferric ions into ferrous ions 

and initiate the ferrous ion-catalyzed reduction of 

hydrogen peroxide into hydroxyl radicals (the Fenton 

reaction). In this process superoxide could be the 

source of reactive free radicals, however all the 

evidences of such process in biological systems are 

uncertain. (Recently Cyr and Domann are also 

considered ROS-dependent mechanisms in epigenetic 

processes [111]. However, their proposal that hydroxyl 

radicals might be formed in DNA demethylation by the 

Fenton reaction seems to be irrelevant). We believe that 

superoxide is able to influence various epigenetic 

processes playing the role of a nucleophilic agent in the 

reactions of methylation and acetylation and of the 

precursor of reactive radicals in the reactions of 

demethylation. Future studies of superoxide-dependent 

epigenetic processes might lead to a better understanding 

of their mechanisms. 
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